Abstract. The bi-layer diaphragm wall, a new slurry wall type designed to cope with the problem of watertightness is studied in this paper. These walls consist of two bonded concrete layers, the first, a conventional Reinforced Concrete (RC) diaphragm wall, and the second, a Sprayed Steel Fibre Reinforced Concrete (SFRC). The main objective of this paper is to analyze the structural and sectional behaviour of these walls. A study in the form of an uncoupled structuralsection analysis based on various hypothetical cases of bi-layer diaphragm walls was performed to fulfil the objective. It is concluded that there exists a potential of reduction in the reinforcement of the RC layer through the structural use of the SFRC layer. However, when the reduction is quantified, even though a reduction of between 3.2% and 1.7% in the RC reinforcement is confirmed, it appears insufficient to offer a cost-effective solution. Nonetheless, the system becomes a promising solution when particular conditions are taken into account, such as basement space limitations.
Introduction
A widespread problem associated with diaphragm wall construction is the occurrence of leakage whenever erected in water-bearing ground. There are no techniques to make diaphragm walls fully watertight, so a variety of alternatives, all of which with different drawbacks, have been developed to cope with the leakage problem (Puller 1994) . The waterproof system in these solutions is added to the wall after their construction is complete, so it is not an integral part of the structure of the walls.
Considering the aforementioned points, one conceivable solution would be a waterproof layer that also assumes a structural function. The bi-layer diaphragm wall, a new slurry wall type, designed to cope with the problem of watertightness in these types of walls has previously been presented by Segura-Castillo et al. (2013) . These walls consist of two bonded concrete layers poured and then sprayed, in separate stages. The first is a conventional Reinforced Concrete (RC) diaphragm wall. Once this wall attains the necessary strength, soil within the perimeter is excavated and removed, and the second layer, this time of Sprayed Steel Fibre Reinforced Concrete (SFRC) and a waterproof additive, is applied. This paper is part of an experimental and theoretical study on bi-layer diaphragm walls, which has been structured into four main areas: a) Structural level analysis; b) Sectional level analysis; c) Bonding between layers; and d) General design and optimization. Of these, the structural level behaviour was partially reported in Segura-Castillo et al. (2013) , and the bond analysis in Segura-Castillo and Aguado (2012) .
The main objective of this paper is to analyze the structural and sectional behaviour of the bi-layer diaphragm walls. The overall design method is presented. With it, the contribution of each layer is quantified, placing special emphasis on the SFRC layer contribution.
Methodology
A study in the form of an uncoupled structural-section analysis based on the hypothetical case of various bi-layer diaphragm walls was performed to fulfil our objectives.
A 2D Finite Element Model (FEM) was selected to analyze the structural behaviour. A numerical rather than a simplified model is necessary, as the constructive sequence is considered (Carrubba, Colonna 2000) , which includes the cross-section changes that take place when the SFRC is sprayed, together with general wall and soil properties. The literature contains many studies that utilize these models to analyze ground movements caused by deep excavations, due to their importance in the prediction of possible damage to adjacent buildings during excavation process (e.g. Hsiung 2009; Khoiri, Ou 2013; Kung et al. 2007; Kung 2009 ). On the other hand, fewer studies (e.g. Carrubba, Colonna 2000; Costa et al. 2007; Ou, Lai 1994) have evaluated the forces and stresses produced on the walls.
It should be mentioned that use of the elasticperfectly plastic "Mohr-Coulomb" model means that the soil has to be discretized into several horizontal layers and its elastic properties have to be changed as the depth increases, before the model responds to any increase in the soil modulus of elasticity, due to increased vertical pressure (Khoiri, Ou 2013) . The hardening soil model (HS) (Schanz et al. 1999 ) was therefore chosen, as it models the entire ground in the study with only one set of parameters.
The numerical simulation of the mechanical behaviour of the composite sections of the wall was performed with the model "Analysis of Evolutionary Sections" (AES) (de la Fuente et al. 2012a) . This model simulates the non-linear response of sections built with different materials (concrete and steel) and the structural contribution of the SFRC, when subjected to tension. In the AES model, the concrete sections are discretized in layers of constant thickness (Fig. 1a) , whereas steel rebars are simulated as concentrated-area elements.
In this study, the procedure to design the reinforcement of the concrete wall followed the basic design principles for traditional reinforced concrete presented in BS EN 1992 -1-1:2004 (2004 . According to these hypotheses, the ultimate bending moment (M U ) is calculated and compared with the maximum design bending moment (M d ), calculated by the structural analysis, for the most unfavourable construction stage and for each kind of section.
The compressive behaviour of the concrete (Fig. 1b ) was simulated, on the one hand, by considering the constitutive law proposed in EC-2 (EN 2004) . On the other hand, the tensile response of the SFRC was simulated through constitutive law σ c -ε c , as suggested in RILEM (2003) . Finally, the mechanical performance of the steel bars was simulated with the bilinear diagram presented in Figure 1c .
In addition to the internal equilibrium conditions, the following hypotheses are also considered: (1) the sections remain plane before the application of the external forces or after imposing fixed strains; (2) failure of the composite section is achieved when there is either excessive compressive strain in the upper concrete layer (ε RC,t = -3.5‰) and/or excessive elongational strain in the tensioned steel bars (ε s,i = 10.0‰); and (3) a perfect bond between the concrete and the rebars, as well as between the RC and the SFRC layers. Regarding the latter, it has to be mentioned that the suitability of this assumption has previously been studied in Segura-Castillo and Aguado (2012).
Characteristics of the walls

Geometry and construction sequence
This study is based on the hypothetical case of the construction of walls designed for use in a four level basement. The comparison considers one conventional diaphragm wall, referred as the mono-layer wall (ML) for the sake of clarity, and two bi-layer walls (BL), differentiated only by their thicknesses (all other properties remaining constant):
-ML 60 : Conventional RC diaphragm wall of 60 cm thickness; -BL 60+10 : Bi-layer RC wall with a thickness of 60 cm onto which a 10 cm thick SFRC layer is sprayed; -BL 55+10 : Bi-layer RC wall with a thickness of 55 cm onto which a 10 cm thick SFRC layer is sprayed. The general characteristics of the walls used in this study are similar to those used by Carrubba and Colonna (2000) , in order to contrast our results with others from the technical literature. Apart from some minor differences, a major difference is the increase in the penetration depth of the walls. This change is because the one in the reference is below the usual range for this depth of excavation (Long 2001) .
The selected diaphragm wall was 20.0 m high and required an excavation depth of 12.5 m (with a 7.5 m embedded footing), as illustrated in Figure 2a . During the excavation process, the wall was supported by up to 4 rows of ground anchors vertically spaced at 3.0 m and horizontally spaced at 5.0 m in the two upper rows: Superior Anchorages (S.A.); and at 2.5 m in the two lower rows: Inferior Anchorages (I.A.). The "bottom-up" construction sequence of the three alternatives is detailed in Table 1 . The stages are divided in 5 groups, the first 4 of which correspond to the Excavation (Exc.) works required for each of the 4 Anchorage (Anc.) installations. In the fifth group, apart from a small final excavation, the slabs are built and the 4 anchorages removed (Anc.Out).
The soil extraction process for the BL 60+10 and BL 55+10 bi-layers walls is sub-divided into shorter stages. In addition, after each partial excavation stage, the SFRC layer is Sprayed (Spray.), from the last sprayed level to the lower excavated level, changing the cross-section from the Simple Section (SS, see Fig. 2b ) to the Compound Section (CS, see Fig. 2c ) in the sprayed stretch.
Material and model characteristics
The numerical model was calculated on the commercial geotechnical finite-element software package PLAXIS (Brinkgreve 2002) . The FEM mesh used is shown in Figure 3 . Horizontal fixity was imposed for the vertical boundaries as well as both horizontal and vertical fixities for the bottom boundary, as shown in the same figure. A fine global coarseness was taken for the general mesh (automatically defined by the program), and refined in the vicinity of the wall. A model with a more refined mesh verified that the element size had no significant effects on the analytical results. Besides, no external loads were considered in the model.
Plate structural elements (linear elastic) were used to model the diaphragm walls, which were considered wished in place (Bryson, Zapata 2012) . A compressive strength f ck = 30 MPa, a Poisson ratio υ = 0.2, and a specific weight of 24 kN/m 3 were considered for the concrete of both layers. Its modulus of elasticity, according to EC-2 (EN 2004) , was E cm,28 = 33000 MPa.
The flexural (EI) and normal (EA) stiffness values calculated for the SS and the CS cross-sections, are shown in Table 2 . All stiffnesses have been reduced by 20% from the nominal value (uncracked cross-section) to consider the existence of cracks in the wall (Khoiri, Ou 2013) . In the FEM model, the self-weight and stiffnesses were updated from the SS to the CS values for the corresponding beam lengths that had been sprayed after each of the spraying stages. As "it is very important that the ratio of EI / EA is not changed" to avoid numerical inconsistencies (PLAXIS 2010) and our main interest centres on the bending moments, the EA values of the bi-layer were calculated to maintain a constant EI/EA ratio. It can be seen that the flexural stiffness of the CS for both bi-layer alternatives increased by about 60% in comparison with that of the SS. The soil elements were 15-node triangular finite elements under plane strain. A sandy soil was chosen for this analysis, as water filtration problems are more likely in a permeable soil.
The soil parameters and the values used for the selected model correspond to the "Lake sand layer", taken from an experimental case reported in the literature (Hashash et al. 2010) . The coefficient of lateral earth pressure at rest (K 0 ) was automatically estimated by the program using the expression of Jaky (Terzaghi et al. 1996) . A total unit weight of γ = 20.0 kN/m 3 was selected for the soil. Interface elements were set out for the soil in contact with the plate elements (with a strength reduction factor for soil-structure interface of R inter = 0.66 (Khoiri, Ou 2013) ) and continued 1.0 m below the bottom end of the walls, as suggested by PLAXIS (2010). A Drained analysis was used, even though the phreatic level was below the model boundaries and therefore no water flow was considered.
The permanent wall supports were modelled with fixed-end anchors. A normal stiffness of EA = 7.26•10 6 kN/m (equivalent to a 22 cm thick massive slab) with an equivalent support length of 10 m (the length from the walls to the axis of symmetry of the model) was used for the upper slabs. A stiffness of EA = 1.65•10 7 kN/m (equivalent to a 50 cm thick massive slab), also with an equivalent support length of 10 m was used for the bottom slab.
Geogrid structural elements and node-to-node anchor elements were used to model the body and the free length, respectively, of the ground anchors. The following properties were used. Initial tensile load: 50 kN/m for "S.A. 1 and 2" and 100 kN/m for "I.A. 1 and 2"; Horizontal distance: 5.0 m for "S.A. 1 and 2" and 2.5 m for "I.A. 1 and 2". The rest of the properties are equal for both types of anchorages. Total length: 20 m; Bulb length: 14 m; Cross-section area: 450 mm 2 ; Elastic modulus: 200 KN/mm 2 ; and Angle: 30º.
A fibre content of 25 kg/m 3 was used in the SFRC. The post-cracking behaviour of the SFRC may be defined by the expressions given in de la Fuente et al. (2012b) . The nominal cover used for the RC bars was 70 mm.
Structural results
The displacement plot of the three wall types corresponding to the final stage ("Anc.Out") are shown in Figure 4 . The upper part of the plot is enlarged for clarity. In general terms, the displacement of each wall type is similar, with differences in the maximum displacement value of less than 0.8 mm (4.6%), and within the order of magnitude of displacements of the reference case (Carrubba, Colonna 2000) .
Displacements at depths of between -5 m to -20 m of the walls with a RC width of 60 cm ("ML 60 " and "BL 60+10 ") are practically identical. The reduced influence of the second layer is, on the one hand, due to the stiffness of the two types of walls, which are the same at depths of between -12.5 m and -20.0 m. On the other hand, increased stiffness at depths of between -6.0 m and -12.5 m following spraying of the SFRC layer is noted during the final excavation stages, after most of the soil pressure had been already mobilized.
The displacements of the "BL 55+10 " wall type are slightly higher than the previous ones. This behaviour, which coincides with data reported in (Segura-Castillo et al. 2013) , is due to the fact that the stiffness of the RC layer determines the overall displacement behaviour.
Larger displacements than in "ML 60 " wall at depths of between 0.0 m and -5.0 m can be seen in the "BL 60+10 " wall. Although it might appear contradictory, this is reasonable because the flexural stiffness of the bilayer wall increases after spraying of the SFRC layer. Therefore, the curvature increase of the bi-layer wall is smaller than in the mono-layer alternative as the bending moment increases. In this instant, as the wall is more restrained in the lower part (at depths of below -5.0 m) owing to the embedded end of the wall and the stiffer Figure 5a . A partial factor of γ = 1.5 was applied to the actions of the ground on the wall. The positive moments of the envelope are the same for both kinds of sections. In turn, while there is a single envelope for the negative moments of the mono-layer wall, the envelope is broken down into two envelopes for the bi-layer walls. The envelopes of maximum moment, until the CS was completed (i.e. until the SFRC was sprayed) are shown by a continuous line ( ) and the envelopes where the CS was completed by a dashed line ( ). The way these envelopes were generated is explained below in greater detail. In general terms, the envelopes are qualitatively similar and within the order of magnitude of the reference case (Carrubba, Colonna 2000) .
Comparing the bi-layer walls, it can be seen that the "BL 60+10 " shows larger moments than the "BL 55+10 " along the whole length of the wall. This is a consequence of the greater stiffness of the RC layer and, therefore, greater stiffness both in the SS and in the CS crosssection.
The "ML 60 " and "BL 60+10 " wall types show practically identical envelopes in the embedded section of the wall (between depths -12.5 m and -20.0 m). In this section, both walls have the same cross-section (i.e. the RC layer) for all the stages. The biggest differences between these wall types was registered in the centre of the walls, between depths -5.0 m and -12.0 m, in which the "BL 60+10 " envelope was larger. As the SFRC layer is sprayed, the upper stretches become stiffer, diminishing any relative collaboration of the embedded part of the wall.
The bending moments of the "BL 60+10 " wall type are detailed in Figure 5b , in which light-grey lines indicate the moment of the representative stages of each excavation stage. The interval between the envelopes previously introduced in Figure 5a ( and ) is highlighted with slanting lines. This area represents the increase in the moments after spraying the SFRC layer (i.e. where the CS cross-section is working).
As stated in Segura-Castillo et al. (2013) , the highlighted area represents the potential use of the bi-layer wall, since it is possible to cover these moments with the resistance of the CS section. It can be seen that for the depths where the CS section is present, a significant portion of the bending moments are developed after the SFRC layer has been sprayed. These increases range from 30% to 269% at depths of between -2.5 m and -11.0 m, with an average increase of 123% in the design moment of those depths after the SFRC layer is sprayed.
The value of the area within the SS cross section envelope is represented with a solid bar graph to compare the three wall types, in Figure 5c . The value of the area of the CS cross section (as shown in Fig. 5b ) is also plotted (slanting lines). It may be noted that the potential of use of the SFRC layer covers approximately 25% of the area of moments.
The bending moments plots of the "BL 60+10 " wall type at depths of between 0.0 m and -5.0 m, for the stages from "Exc.2a" to "Spray.2b" are shown in Figure 6 . For each plot, dark lines indicate the moments of the stage and light-grey lines indicate the moments of the previous stages. The envelopes of moments already shown in Figure 5 are obtained when the following process explained below is applied to all the stages.
It can be seen that the bending moments of the excavation stage (Fig. 6a ) are identical to those of the stage Fig. 5 . Bending moments: a) envelopes for the three wall types; b) representative stages and envelopes for the "BL60+10" wall type; c) envelope areas for all three wall types where the SFRC is sprayed (Fig. 6b) . This is because, immediately after spraying, all the SFRC layer adds is its own-weight, which is considered in the model by updating the weight of the beam element. This implies a small change in the normal stresses of the element and an insignificant change in the bending moments. The external loads on the wall remain constant until a new excavation stage takes place.
The differential time-dependent strains between RC and SFRC layers are left out of the model, bearing in mind that the RC layer, as a slurry wall, has a high confined water content (before excavation) and that the sprayed SFRC layer, with a waterproofing additive, has a greater capability of withholding moisture.
After the spraying stage, the wall has the CS crosssection at depths of between 0.0 m and -3.0 m. Therefore, until this stage is complete, the bending moments are resisted exclusively by the SS cross-section. The envelope of these moments is represented with an unbroken bold line.
The changes in bending moments of stage "Exc.2b" are shown in Figure 6c . The increase in bending moments at depths of between 0.0 m to -3.0 m can now be withheld by the CS cross-section. The maximum moments that develop once the CS cross-section is completed are referred to as , and its envelope is represented with a bold dashed line, as shown in Figure 6d . This figure represents the situation after spraying the second stretch (Spray.2b), in which the two kinds of envelopes may be seen.
Sectional results
The design criteria set the ultimate moment resistance as equal or greater than the design moment of each cross-section (M U ≥ M d ). This particular criterion is used for the dimensioning of the main vertical reinforcement, which accounts for the differences introduced by the various wall types analysed in this study. Therefore, secondary reinforcements (e.g. for transversal stresses or time-dependant effects) are neglected in this study as they are considered the same for all three wall types. The shear force, and its reinforcement, is also neglected as it is not usually a determinant in the design of the walls.
Reinforcement of the RC layer involves: a) a symmetric reinforcement on both sides of the wall with the minimum mechanical reinforcement "A S,min " (according to the EHE-08 code (CPH 2008)); and b) one extra reinforcement per side of the Wall, one for the positive moments "A s,+ ", and another one for the negative ones "A s,-", to cover the extra moment that the minimum reinforcement does not cover. The addition of both areas "A T " was used in the calculations for cross-sections in which both reinforcements were present. Only tensioned bars were used in the calculation.
Two ultimate moment resistances, whether or not we consider the SFRC layer, were obtained for the bilayer wall types, one for the SS (" ") and another for the CS cross-section (" "). In this way, the design condition for the bi-layer walls can be differentiated according to the type of section that is active at each instant, establishing that every cross-section must at every instant simultaneously satisfy both relationships given by the following inequalities:
(1) (2) The values of the reinforcements obtained for the three wall types are shown in Table 3 . The following information is given for each alternative: bar diameter "d" and bar spacing "s" expressed in the form "φd/s"; the position of the reinforcements "z inf " and "z sup " (Fig. 7) and the ultimate moment resistance of the SS and the CS cross-sections.
The ultimate resistance of the CS cross-section where the positive moment reinforcements were placed was not calculated, since this reinforcement is placed at depths lower than 12.5 m, where there is no second layer. The ultimate moments obtained with the aforementioned reinforcements cover the design moments in the whole wall (Ec. 1 and 2).
The increase in the ultimate moment resistance, given by the contribution of the SFRC layer, ranges from 14.5% ("A S,-" of the BL 55+10 wall type) to 21.0% ("A S,min " of the BL 55+10 wall type) in relation to the resistance of the SS cross-section. In the wall types with a 60 cm thick RC layer, the above percentages are barely superior to the moment increase following the application of the second layer, i.e. the increase in the cross-section resistance, when the SFRC layer is added, is barely higher than the increase in the design moments when the second layer is considered in the structural calculation. In turn, the reduction of the maximum positive moments in the bi-layer wall type also implies a small reduction in the given reinforcements.
As the BL 55+10 wall type has a thinner cross-section, it requires, on the one hand, a smaller minimum reinforcement but, in the other hand, stronger local reinforcements to carry the design moments, even though these are smaller than in the BL 60+10 alternative. As an example of design, the ultimate moment resistance for the "BL 60+10 " wall type is shown in Figure 7 . The previously introduced design moments ("M d ") are also shown in the same plot. It can be seen that inequalities of Eqns (1) and (2) are satisfied in every instance.
It can be seen that at depths of between 0.0 m and -5.5 m the wall contains the SFRC layer although it is not strictly necessary, as the resistance of the SS crosssection itself is sufficient to cover the design moments. It would be possible to optimize the use of the fibres, placing them only in the stretches where they are needed for the ultimate resistance of the cross-section. This is, to place the SFRC layer at depths of between -5.5 m and -12.5 m, and to place just sprayed concrete with the waterproofing additive at depths of between 0.0 m and -5.5 m (for waterproofing purposes and to even the surface).
Discussion
Besides the structural solutions that have been presented, different systems to deal with leakages on diaphragm walls are compared in this section.
Two standard systems aiming to ensure a dry inner wall after building a conventional mono-layer wall are: a) Drained cavity ("DC"): a second inner wall separated from the diaphragm wall. The cavity between them is drained and the water accumulated at the bottom is later pumped out; b) Waterproof mortar layer ("WML"): consists of casting a second layer of waterproof mortar over the inner face of the diaphragm wall. This layer is usually about 5 cm width, and is cast after the diaphragm wall has been finished, without structural function.
Additionally, an optional modification is added to each of the bi-layer wall types. The Optimized fibres ("Opt.") system utilizes the idea introduced at the end of Section 4, where the fibres are only placed where strictly necessary (i.e. at depths of between -5.5 m and -12.5 m, using a sprayed concrete without fibres for the rest of the spraying layer). The system where fibres are uniformly placed all along the second layer are called "Unif." to differentiate it from the preceding option.
The main differences between these systems are summarised in Table 4 . It includes the basic material required for the construction of the complete systems; the maximum displacement registered; the final thickness of the system; and its waterproofing if any.
The different materials are grouped below in accordance with their class. Thus, the volume of the two types of concrete (RC and SFRC) and the mortar used in the "WML" system are grouped under the heading "concrete" and the conventional steel bars used in the RC layer and the steel fibres used in the SFRC layer under "steel". In both cases (concrete and steel), cast and sprayed materials were differentiated. The consumption of extra materials of the "DC" system, as it is of a different class, is not considered in the table. Although the dosages, placing procedures and costs are not the same for the different types of materials, this simplification allows a simple first approach to compare the different systems. With regard to material consumption, the ML 60 wall type is the one with minor outlay in every material category. Considering that maximum displacements are similar for all systems and that this one, in particular, has the smallest ones, and finally, that this system has the smaller thickness, this system is undoubtedly the most appropriate whenever waterproofness is not required.
The bi-layer wall types achieve a reduction in the RC layer steel reinforcement. The percentage of reduction in this layer compared with the ML 60 alternative is, 2.1% for the BL 60+10 wall type and 2.5% for the BL 55+10 wall type. However, the steel increment in the SFRC layer exceeds the reduction reached in the RC layer. The percentage increment compared with the ML 60 wall type is 8.0% for the "Unif." system, and 4.5% for the "Opt." bi-layer system. As the material and labour costs per cubic meter of sprayed SFRC are higher than the cost of RC, the structural system of the bi-layer solutions is not favourable in this case.
Comparing the complete systems, including both the structural and the waterproof system, the "Opt." systems are more efficient than the "Unif." systems and will therefore be used in all subsequent comparisons.
The ML 60 + DC system is nowadays one of the more commonly used for waterproofing the wall surface. The material required for the drained cavity (leaf wall and extraction pump) is assumed to be relatively low. The main drawbacks of this system are: a) Reduced interior space (crucial in the basements of buildings designed for underground parking and other economic activities); b) Need to activate a pump as excess water accumulates; and c) It hides the source and the extent of the leakages, or any other possible structural problem that the walls may have (Puller 1994) .
If the use of materials of the ML 60 + WML system is compared with the BL 60+10 ("Opt."), the latter registers an increase of 5.0% in concrete use and 2.3% in steel.
Considering that the thickness of the BL system is also larger, the BL alternative is not favourable in this case.
If the ML 60 + WML system is compared with the BL 55+10 ("Opt."), it should first of all be noted that both have the same final thickness and are also the slenderest of all the waterproof systems under study. Regarding the materials, it can be seen that a reduction of 3.0% in the amount of concrete (the only material-related value favourable to the bi-layer systems). Finally, an increase in the total amount of steel (2.0%) is still registered.
Conclusions
A design method for the bi-layer diaphragm walls, a new type of slurry wall, has been presented. It allows two levels of comparison, the first of which is based on the structural analysis and the second on the final design, where the comparison includes final material use. The structural behaviour of a conventional ML wall (60 cm width RC layer) has been compared with two BL alternatives (60 cm and 55 cm width RC layer plus 10 cm width SFRC layer). Furthermore, starting with these wall types, several systems to deal with leakages have been added to the comparison. The main conclusions are summarized in the following points.
There exists a potential of reduction in the reinforcement of the RC layer of the diaphragm walls through the structural use of the SFRC layer. This potential is measured by the area of moments envelope covered by the simple section (
). This area is reduced 21% and 26% in both BL alternatives, compared with the ML wall. However, it is not possible to take advantage of all this potential in the design process for two reasons that are explained as follows. The increase from the to the is, on average, 123% of the (at depths of between -2.5 m and -11.0 m). Besides, the increase from the to the are, in this case, between 15% and 20% of the . This means that, if the SS section is designed to cover only the SS design moments, the second layer does not provide the additional bending strength to the CS cross-section to cover the moments developed after the second layer is sprayed. Therefore, the SS sections should be designed to cover the and part of the moments. The second reason, is that the minimum , given by the minimum reinforcement, already covers a part of the design moments.
Even though a reduction in the RC reinforcement is confirmed for both wall types (2.1% and 2.5%), it appears insufficient to compensate for the extra technologies and consumption of materials to build the bi-layer solutions. Nonetheless, the complete waterproof system becomes an interesting solution when particular conditions are taken into account, such as basement space limitations or if continuous maintenance wants to be avoided.
Future work should include a parametric study to evaluate, by means of the two level comparison presented in this study, the influence of the general condition and wall design on the profitability of the bi-layer wall type.
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